The reaction of two commercially available compounds, phenanthrenequinone and 2,6-dialkylaniline (alkyl = Me, iPr), catalyzed by formic acid, in refluxing methanol, gave rise exclusively to 10-(2,6-dialkyl-phenylimino)-10H-phenanthren-9-one compounds (alkyl = Me (1), iPr (2)). In refluxing toluene, and when diisopropylaniline is employed, the heterocyclic compound 7-isopropyl-3,3-dimethyl-10'H-spiro(indoline-2,9'-phenanthren)-10'-one (3) was unexpectedly prepared as the major reaction product, in the presence of catalytic amounts of various Brønsted acids. DFT calculations indicate that the conversion of 2 into 3 involves a sigmatropic rearrangement as rate limiting step with a high energy barrier (25-28 kcal/mol), in agreement with the requirement of high reaction temperatures.
Introduction
In the last two decades, the use of catalysts based on late-transition metal complexes containing Schiff base ligands opened a new era in the development of olefin addition polymerization.
1 The seminal work of Brookhart and coworkers in the preparation of neutral and cationic Ni(II)-or Pd(II)-based complexes containing α-diimine ligands (I and II) led to highly active ethylene propylene or α-olefin polymerization catalytic systems for the production of polyolefins with good microstructural selectivities, such as branched polymers with controllable topological known to be one of most efficient processes for preparing this kind of Schiff bases. 8 As displayed in Scheme 1, the condensation reaction successfully occurs in methanol, in the presence of formic acid, but the monoimines 1 and 2 are exclusively formed, in yields of 58 and 42%, respectively, by virtue of a high steric hindrance, even if more than two equivalents of substituted anilines are used, which is consistent with the discoveries of Kocherova et al. 9 and
Elsevier et al. 6 The latter authors prepared a series of α-diimine compounds, 9,10-bis(arylimino)-9,10-dihydrophenanthrenes (where aryl is phenyl or o-monosubstituted phenyl), by reductive alkali-metal-mediated cyclodehydrogenation of α,α'-bis(arylimino)bibenzyls and disclosed that the increased steric demands of the arylimine moiety dramatically hamper the ring closure by preventing its occurrence.
Scheme 1
We have found that the use of more severe conditions was required for the sake of circumventing steric hindrance. Reaction temperatures of ca. 140 o C were employed with continuous removal of the water formed in the reaction by a Dean-Stark trap, the methanol/formic acid system being replaced by toluene/p-toluenesulfonic acid (TSA). An unexpected reductive amination and alkylation coupling product (3) was eventually produced, in yields of 20-42%, accompanied by a small amount of 2 (<15%), as phenanthrenequinone reacted with 2,6-diisopropylaniline, whereas the equivalent reaction did not occur in the case of 2,6-dimethylaniline.
Bright yellow single crystals of 3 suitable for X-ray diffraction characterization were obtained by recrystallization from a diluted heptane solution, and the corresponding molecular structure was determined (Figure 1 ). Compound 3 crystallized in a monoclinic space group P2 1 /n. Due to the existence of a chiral centre (C14) in compound 3, the corresponding asymmetric unit cell of 3 shows a racemic mixture, composed by two pairs of (R)-and (S)-enantiomers (see Figure S1 of Supplementary Material). The solid state structure of 3 is compatible with the solution data obtained by 1 H and 13 C NMR spectroscopies, and also by mass spectrometry (see Figures S2-S10 of Supplementary Material).
The reaction conditions have substantial influence on the course of the reaction (Table 1) . Strong acids such as TSA, H 2 SO 4 and HCl give 3 in moderate yields and a small amount of 2 as side product, while the relatively much weaker acetic acid produces 3 in lower yield, roughly half of that obtained for 2. In addition, a concentration of 5 mol % of acid seems to be indispensable to obtain good yields. In comparison with the monoimine 2, the secondary amine nature of 3 indicates that its formation from phenanthrenequinone and 2,6-diisopropylaniline involves a reductive amination process. In typical reductive amination reactions of aldehydes or ketones, reducing agents (e.g. NaBH 4 ) are generally indispensable and should reduce the imine selectively over its parent aldehyde or ketone. 10 In this work, no additional reducing agents are used, being these reaction conditions similar to those of the Leuckart-Wallach (LW) reductive amination reaction.
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However, the LW reactions, besides requiring high temperatures (mostly above 180 o C), are not highly selective, usually giving N-formyl derivatives as the main reaction products, which is not the case observed in the formation of 3. In addition, it is noteworthy that an alkylation coupling process simultaneously occurs in the reaction. It seems that the tertiary hydrogen belonging to the isopropyl group acts as potential reducing agent towards the imine and, simultaneously, the secondary carbon of the isopropyl group couples with the imine carbon atom. DFT calculations show that compound 3 is thermodynamically more stable than compound 2 by 16 kcal/mol. However, the methanol/formic acid system gives exclusively compound 2, while the toluene/p-toluenesulfonic acid system gives rise to compound 3, as the major product, along with a small amount of 2, as side product. Experimentally, the most prominent difference between these two catalytic systems is their operating reaction temperature, which is basically dictated by the boiling point of each solvent. In fact, the reaction temperature of the toluene/ptoluenesulfonic acid system (ca. 140 o C) is much higher than that of methanol/formic acid one (ca. 70 o C), indicating that high reaction temperatures are crucial to promote the conversion of 2 to 3. According to these results, compound 2 may be regarded as the kinetic product of the process, whereas 3 is the thermodynamic product. In addition, the formation of 3 should be associated with a high energy barrier, justifying the need of high reaction temperatures.
The conclusions discussed above were tested through DFT mechanistic investigations on the conversion of 2 to 3. In the calculated mechanism, based on a molecule of 2 (Scheme 2), the first step corresponds to a 1,7-sigmatropic rearrangement, yielding 4. This step is followed by N-protonation, that should be easy to occur under acidic conditions, with the simultaneous formation of a carbocation on the isopropyl tertiary C-atom, yielding 5. Species 5 undergoes a rapid C-C bond formation producing the protonated ketone 6, and, finally, deprotonation of the O-atom in 6 yields product 3. Scheme 2. Mechanism of the conversion of 2 to 3 as studied by DFT.
The proton exchange steps in the mechanism represented in Scheme 2 (from 4 to 5, and from 6 to 3) are presumed to occur easily in acidic medium, but are very difficult to simulate from a computational point of view. Thus, the calculations were focused on the first step, the sigmatropic rearrangement from the ketone 2 to the enol 4, and on the third step, the heterocycle ring closure through C-C bond formation, from 5 to 6. The free energy profile calculated for the first step of the mechanism, from 2 to 4, is presented in Figure 2 , with the optimized structure obtained for the species involved. This step corresponds to H-transfer from the carbon atom of the isopropyl group to the O-atom of the ketone in 2, producing the enol intermediate 4, in what can be viewed as a 1,7-sigmatropic rearrangement. The corresponding transition state, TS 24 , is a rather late one, since formation of the new O-H bond is almost accomplished, once TS 24 is reached. In fact, both a distance of 1. This is the rate determining step of the mechanism, with a calculated free activation energy of 25 kcal/mol. In the third step of the mechanism there is the C-C bond formation and closure of the 5-membered heterocyclic ring, from 5 to 6. The free energy profile calculated for this step is represented in Figure 3 , with the optimized structures of the relevant species. In the transition state, TS 56 , the new C-C bond is only incipient with a very long distance and a Wiberg index indicative of a weak interaction: d C-C = 2.84 Å, WI = 0.05. This makes TS 56 an early transition state, similar to the reagent, 5. The low value calculated for the free activation energy associated with this step (3 kcal/mol) indicates a rather facile process. It is interesting to notice that the intermediate 6 is stabilized by an intramolecular H-bond with the protonated ketone group as H-donor (C=OH) and the N-atom as acceptor. Although this OH···N interaction is presented along the entire step, as shown by the OH···N distances of 2.23 and 2.20 Å in 5 and TS 56 , respectively, it becomes especially important in 6, with a OH···N distance of 1.73 Å. The relevance of the intramolecular H-bond in 6 was evaluated through the optimization of a conformer of 6 (denoted 6') without that interaction. While in 6 the orientation of the OH group is such that the H atom is pointing toward the nitrogen, in 6' the OH group is rotated by about 180°, in such a way that the H atom is pointing to the opposite direction of the nitrogen. A comparison between 6' and 6 reveals that the former is considerably less stable (∆G = 14 kcal/mol) and gives a semi-quantitative indication on the stabilization of intermediate 6, due to the intramolecular H-bond.
The mechanistic proposal discussed above was further developed with a study based on a more complete model aiming the simulation of the acidic medium and, particularly, allowing the possibility of an acid catalyzed path. For this, a complete mechanism for the reaction was calculated with the explicit consideration of one acid molecule, modeled by methanesulfonic acid, CH 3 SO 3 H, for computational expediency. The free energy profile obtained is presented in Figure 4 . In the mechanism represented in Figure 4 , the initial reactant (A) corresponds to the monoimine 2, hydrogen-bonded to the acid molecule (d OH···O = 1.68 Å), while the final product (D) is the heterocyclic compound 3, connected to the molecule of methanesulfonic acid through two H-bonds, using both the OH bond of the acid, and the NH group of the amine: d OH···O = 1.68 Å and d NH···O = 2.00 Å. The calculated mechanism comprises three steps. In the first step, there is simultaneous substrate protonation and H-transfer, from A to B. This step is equivalent to the first two steps of the mechanism of the simpler model discussed above (Scheme 2): from 2 to 4, and from 4 to 5. In short, the H-transfer process occurring in the first step (from A to B) is assisted by the neighboring acid molecule through protonation of the O-atom, and, thus, the intermediate B is, in fact, an ion pair composed, on one side, by the enol with a formal carbocation located in the isopropyl substituent, and, on the other, by the methanesulfonate anion. The two ions in B are strongly connected by two H-bonds: d O···HO = 1.61 Å, and d O···HN = 1.70 Å. In the transition state, TS AB , hydride transfer is well advanced with the C-H bond severely weakened (d = 1.50 Å) and the new N-H bond almost formed (d = 1.20 Å). This is corroborated by the Wiberg indices associated with those bonds, WI C-H = 0.29 and WI N-H = 0.29. At the same time, protonation of the ketone O-atom is only incipient in TS AB , with a still long distance for the new O-H bond (1.50 Å), and a low Wiberg index (0.16), indicative of a weak interaction. This corresponds to the rate limiting step of the mechanism with a rather high activation energy, ∆G ‡ = 28 kcal/mol. It is important to notice that this value is similar to the one calculated with the simpler model (within 3 kcal/mol, see above) and both are in good accordance with the requirement of high reaction temperatures, experimentally verified. The second step of the mechanism, from B to C, corresponds to a rearrangement around the amine N-atom, bringing the diisopropylphenyl substituent (R) from one side of the molecule to the other. That is accomplished through a rotation around the C-NHR bond, and allows a substrate conformation, in C, that is favorable for the C-C bond formation that will occur in the last step. In fact, along this step the two relevant carbon atoms approach, as shown by the corresponding separation: 4.14, 3.85 and 3.14 Å, in B, TS BC , and C, respectively. The two intermediates, B and C, are equally stable and the conformational rearrangement has a moderate free energy barrier of 12 kcal/mol.
In the final step of the calculated mechanism, from C to D, there is formation of a new C-C bond and the consequent closure of a 5-membered cycle. At the same time, the O-atom is deprotonated yielding the ketone group of the product and regenerating the methanesulfonic acid (CH 3 SO 3 H), both molecules being connected by two H-bonds (in D). The transition state for the third step, TS CD , is an early one, as formation of the new C-C is only incipient with a long separation (2.52 Å) and a small Wiberg index (0. It should be mentioned that a concerted mechanism (single step) was also explored for the model with explicit consideration of the acid molecule (CH 3 SO 3 H). The free energy profile obtained for the concerted mechanism is presented in Figure 5 . The mechanism obtained starts with E, a conformer of A, and the path follows a single step with simultaneous C-C bond formation and H-transfer, assisted by the neighbor acid molecule. In the calculated transition state, TS ED , formation of the new C-C bond is far from accomplished as demonstrated by a long separation (2.99 Å) and a low Wiberg index (0.16). However, the corresponding energy barrier (45 kcal/mol), calculated for such mechanism makes that path not competitive, compared to the ones discussed above. Interestingly, the absence of the corresponding cyclization reaction in the case of monoimine 1, can be related to the carbocation nature of the intermediate in the calculated mechanisms above (5 for the simpler model; B and C in the more complex one). In fact, in the case of 1, the arylimine substituents are methyl groups (R = Me), and not iPr as in 2, which would lead to a less substituted and, consequently, less stable intermediate.
Conclusions
In summary, the acid catalyzed reaction of phenanthrenequinone and excess of 2,6-dialkylaniline (alkyl= Me, iPr) leads, at low temperatures, in refluxing methanol, to the corresponding monoimines 1 and 2 and, on the other side, when 2,6-diisopropylaniline is employed, at higher temperatures, in refluxing toluene, the intramolecular reductive spirocyclization product 7-isopropyl-3,3-dimethyl-10'H-spiro(indoline-2,9'-phenanthren)-10'-one (3) is obtained as the major product. According to the calculated mechanism, the reaction starts with an acid-catalyzed sigmatropic rearrangement as the rate limiting step, being followed by a rapid C-C bond formation, yielding the final product 3, which contains a 5-membered ring amine.
Experimental Section
General Procedures. All experiments were conducted under inert atmosphere using a dual vacuum/nitrogen line and standard Schlenk techniques, being the corresponding workup carried out in air.
1 H and 13 C NMR spectra were recorded on a Bruker Avance-400 NMR spectrometer.
Chemical shifts are reported relative to the residual solvent. Mass spectra (MS) were recorded on a VG Autospec Ultima MS spectrometer. All the solvents were purified prior to use. Toluene was purified over sodium/benzophenone ketyl, and distilled prior to use. Methanol was purified over anhydrous calcium chloride and distilled prior to use. 9,10-phenanthrenequinone (95%), 2,6-dimethylaniline (99%) and 2,6-diisopropylaniline (97%) were purchased from Aldrich and used as received.
General procedure for the syntheses of the monoimine compounds 1 and 2 A mixture of phenanthrenequinone (5.0 mmol) and substituted anilines (10.0 mmol) in methanol (50 ml), in the presence of formic acid (0.5 ml), was refluxed for 24 h. The solution was cooled down, concentrated to 30 ml by vacuum evaporation, and recrystallized at 0 o C. The products were finally isolated as deep blue crystals. Yields: 58 and 43%, respectively, for 1 and 2. 153.9, 150.2, 136.7, 135.1, 132.6, 132.4, 132.2, 130.8, 129.5, 129.2, 128.7, 128.1, 127.6, 123.5, 123.4, 122.6, 122.5, 18. 6, 153.9, 148.2, 136.6, 135.0, 132.9, 132.6, 132.4, 132.1, 131.4, 129.5, 129.3, 128.8, 128.3, 123.5, 123.4, 123.3, 122.8, 28.5, 23.0, 22.8 146.2, 139.1, 138.0, 136.7, 134.4, 131.5, 131.3, 131.2, 128.7, 128.4, 128.0, 127.8, 126.9, 124.3, 124.0, 122.7, 120.8, 119.9, 79.9, 53.0, 29.0, 28.4, 24.9, 22.3, 22 
X-Ray crystallography
Single crystals of 3 suitable for X-ray characterization were grown from a dilute heptane solution at 0 o C. Crystal data for compound 3 was collected in a Bruker AXS-KAPPA APEX II diffractometer equipped with an Oxford Cryosystem open-flow nitrogen cryostat, at 150 K, using graphite monochromated Mo-Kα radiation (λ=0.71073 Å). Cell parameters were retrieved using Bruker SMART software and refined using Bruker SAINT on all observed reflections. Absorption corrections were applied using SADABS. 13 Structure solution and refinement were performed using direct methods with the programs SIR2004 14 and SHELXL 15 both included in the package of programs WINGX-Version 1.70.01. 16 Non-hydrogen atoms were refined with anisotropic thermal parameters. Except H1n, that was found in the difference electron density map and was allowed to refine freely, all hydrogens were inserted in idealized positions and allowed to refine riding in the parent C atoms, with C-H distances of 0.93 Å, 0.96 Å and 0.98 Å for aromatic, methyl and methine H atoms respectively, and with Uiso(H)=1.2Ueq(C). For the isopropyl moiety, a certain extent of disorder is observed for atom C26, with 54% and 46% probability. All remaining crystal data and refinement parameters are presented in Table 3 . Graphic presentations were prepared with ORTEP-III. 
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